ABSTRACT: Skin wrinkling phenomenon is investigated in the case of ultra-light sandwich structures with a honeycomb core manufactured by one-shot vacuum bag processing. The interplay between process pressure and compressive strength of the skin is established. It is observed that the size of the adhesive menisci between honeycomb cell walls and skin, and the waviness of the skin increases with process pressure. As these two effects exert opposing influences on the compressive strength of the skin, an optimal process pressure equal to 0.7 bar is identified experimentally and confirmed by an analytical model.
INTRODUCTION C
OMPOSITE SANDWICH STRUCTURES are very often used for all applications requiring high stiffness and strength with minimal weight [1] [2] [3] [4] . High-tech applications, such as satellites, ultra-light solar airplanes [5] [6] [7] or solar cars, require pushing this type of structure to the limit in terms of lightness. To this end, sandwich structures with very thin skins and light honeycomb core weighing 51 kg/m 2 are used. While traditional sandwich structures used in boat hulls or commercial airplanes have often been studied and optimized (e.g., [8, 9] ), ultra-light sandwich structures require particular attention in their design and manufacture. In fact, these structures are extremely sensitive to local buckling of their very thin skins, either through wrinkling or dimpling [10] [11] [12] . Wrinkling was already studied in 1950 by Norris et al. [13] , Hoff and Mautner [14] , and Yusuff [15] and numerous models have been developed since. Ley et al. [10] made an extensive review of the most commonly used wrinkling models and compared it to experimental results. They found that a main limitation of the models was due to the fact that this failure mode is very sensitive to local imperfections of the skin, which can dramatically reduce the strength of the structure. These local imperfections were taken into account by Kassapoglou et al. [16] , who considered an initial sinusoidal waviness of the skin combined with Hoff's model to predict wrinkling failure. However, the amplitude of initial imperfection was arbitrarily fixed to match the experimental results. Similarly, more recently, Fagerberg and Zenkert [17] used Allen's model [18] combined with initial sinusoidal waviness of the skin to predict imperfections induced wrinkling in foam core sandwiches. They obtained a good prediction of failure loads assuming small initial imperfections in the skin between 0.01 and 0.25 mm.
Thus the processing of ultralight sandwich panels needs to be studied very carefully in order to minimize any local irregularities in the skins. Particularly, during one-shot manufacturing of sandwich panels by vacuum bag processing, the facesheet on the vacuum bag side presents waviness due to penetration of the skin into honeycomb cells [16, 19, 20] . This phenomenon significantly decreases the strength of the sandwich panel when the skin is under compressive loads. As skin waviness is dependent on the level of vacuum applied during curing, the relation between processing pressure, (i.e., the difference between atmospheric pressure and pressure in the vacuum bag), and wrinkling load was studied in order to determine the optimal process conditions. Therefore, the wrinkling model developed by Gutierrez and Weber [21] , which is adapted to sandwiches with honeycomb core in bending, was used considering an initial sinusoidal waviness of the skin. Its amplitude was related to the process pressure.
In addition, the process pressure changes not only the waviness of the skin, but was also expected to influence the formation of the adhesive menisci between honeycomb cell walls and skins. The relation between the amount of adhesive in the menisci and the wrinkling load was therefore considered first.
MATERIALS AND METHODS
Three different kinds of ultralight sandwich structures were fabricated to evaluate the interplay between process pressure, waviness of the skin, adhesive weight in menisci, and failure load of the skin. All the samples were produced using the same materials and their weight ranged from 700 to 800 g/m 2 .
The skins comprised two layers of 70 g/m 2 UD carbon fiber prepreg with an EH84 epoxy matrix (Hexcel) at 0 and 908, respectively. The Nomex Õ honeycomb core was 29 kg/m 3 and the hexagonal cell size, i.e., the distance between two parallel cell walls was 3.2 mm. The core was 8 mm thick. The ribbon direction of the honeycomb was parallel to the lengthwise direction of the sandwich panel. An epoxy adhesive (VTA 260 from Advanced Composite Group) was used to bond the skins to the core.
The first samples were prepared in order to study the effect of adhesive weight in the resin menisci on the compressive failure load of the skin. The sandwich samples were fabricated in one shot by the vacuum bag process. As, during one-shot curing, the skin on the vacuum bag side had a lower quality due to waviness, the study concentrated on the smooth skin on the mold side. The effect of waviness of the skin on the vacuum bag side was considered in other samples. Five different adhesive weights between 0 (no supplementary adhesive was used) and 100 g/m 2 were chosen for the smooth side by using the adhesive deposition method developed by Rion et al. [22, 23] . The complete panel was cured under vacuum (À0.9 bar relative pressure) at 1208C during 100 min. An Al frame prevented lateral crushing when vacuum was applied, as illustrated in Figure 1 . A non-perforated film was placed on top of the prepreg to prevent resin flowing out of the prepreg. Fiber rovings were placed between the Al frame and the non-perforated film to enable air to circulate. As the film prevented air circulation through the thickness of the skin, the vacuum was only applied from the sides of the panels and a good vacuum could not be ensured in the honeycomb cells.
The second type of samples was produced to study the influence of processing pressure on the strength of the panel. To allow the vacuum level in the honeycomb cells during curing to be controlled, the panels were processed in two steps. The wavy skin was fabricated first. The honeycomb was laid onto a plate with a breather cloth in-between thereby channeling air under the honeycomb. The adhesive film and carbon prepreg were then laid onto the honeycomb and finally the consumables were stacked as described in Figure 1 . Although the breather cloth and plastic grid on top of the panel were not useful for draining air during the first cure, because the air was drained below the honeycomb, it was nevertheless included in order to have the same stacking on the surface as for conventional one-shot vacuum processing. Five different relative vacuum pressures (i.e., P v À P atm , where P v is the absolute pressure in vacuum bag, and P atm is the atmospheric pressure) were used: À0.1, À0.3, À0.5, À0.7, À0.9 bar. In a second step, the second skin was laid on the Al plate, the honeycomb with the first skin already cured was placed on it with all the consumables and it was cured with À0.9 bar relative vacuum pressure. The vacuum was applied during 5 h before the second curing cycle began to allow air to circulate in order to 296 create a vacuum in the honeycomb cells. A 50 g/m 2 adhesive film was used to bond both skins to the core.
The third type of samples was fabricated with the same lay-up and adhesive quantity as the second type, but in one shot. Various relative vacuum pressures (À0.1, À0.5, À0.7, À0.9 bar) were used, as for the second type of samples, but as the honeycomb cells were closed on both sides by the carbon skins during curing, so the absolute pressure in the honeycomb cells could be considerably higher than that obtained under the vacuum bag. The vacuum was applied during 12 h before the curing cycle began to allow air circulation.
Using a diamond saw, the panels were cut into seven samples of 30 mm width and 450 mm length and tested in four-point bending. The span between the outer supports in four-point loading was 400 mm, and 100 mm between the loading points. Small carbon plates of 18 mm width and 1.5 mm thickness were placed under the loading points to avoid local indentation.
The waviness W meas of the skin was measured on micrographs of polished cross-sections of the sandwich structures. Figure 2 shows the measured waviness, i.e., the height difference between the top of honeycomb cells and the lower point of the skin in the middle of the honeycomb cell. The size of the adhesive menisci between honeycomb cell walls and the carbon skin was also measured on the polished cross-sections, and the weight of adhesive in the menisci was calculated according to a geometrical model of the menisci [23] . This model is based on the contact angles formed by the adhesive on the CFRP facesheet and on the Nomex honeycomb cell walls.
To calculate the wrinkling load of the skin under compression, the bending stiffness of the facesheet had to be known accurately. Therefore, after testing the sandwich beams in four-point bending, a 90 mm length of skin was cut from the smooth side of the beams. The honeycomb was removed from the skin by cutting it with a cutter at the top of the adhesive menisci ( Figure 3 ). The stiffness of the skin reinforced by the adhesive menisci was measured in a three-point bending test, with a span of 50 mm. 
MODELING OF WRINKLING PHENOMENON
As all the samples tested in four-point bending broke, due to wrinkling of the skin under compression between the two loading points, as illustrated in Figure 4 , this particular failure mode was investigated. The wrinkling problem has been extensively studied by numerous authors. Ley et al. [10] reviewed the most commonly used models. All the models are based on the same assumption of compressed skin laying on a continuous elastic foundation. The main difference between the various models is the modeling of the elastic foundation according to the core used. When honeycomb core is used, the anti-plane stress assumption is often used, i.e., the core is considered to have an in-plane stiffness of zero, and so to have only normal stresses perpendicular to the panel, and shear stresses in zx-and zy-planes, where z is perpendicular to the panel. The model proposed by Gutierrez and Webber [21] , which was especially developed for bending sandwich panels, used this assumption and was thus well adapted to the case studied in the present paper. This model also took into account the elastic tension-bending coupling in asymmetric composite skins. In fact, as it was observed that taking coupling into account changed the wrinkling load by 51% in the present case, this was disregarded in order to simplify the study. This simplification can only be done when symmetrical or thin facesheets with low tension-bending coupling loads are used. The equilibrium equations for the skin under a compressive load, as represented in Figure 5 are then where u f and w f are the displacements in length and out-of-plane directions of the face, xz the shear stress in the core, z the normal stress in the core, A the coefficient A 11 of the ABD matrix of the skin calculated according to classical laminate theory, D the bending stiffness of the skin, and N the in-plane load per unit width in the skin. The equilibrium equations of the core are given as:
where k 1 is a coefficient function of x only, E c is the core Young's modulus in z-direction, and G c the core shear modulus in zx-direction. The shape of the skin was considered to be sinusoidal, and thus the shear stresses in the core, the normal stresses in the core, and the coefficient k 1 also had a sinusoidal form:
where l is the half-wavelength of the wrinkling form. Assuming that the displacements at the top of the core are the same as in the middle of the skin (valid for thin skins), Equations (2) can be substituted in Equations (1). Suitable differentiation and substitution lead to a differential equation with only xz as variable and, using the sinusoidal forms, we obtain the equation in which
By solving Equation (4), the wrinkling line load N in the face can be calculated as a function of l. The value of l, giving the lowest load, corresponds to the critical wavelength and gives the critical wrinkling load of the beam.
In order to take into account the adhesive layer used for core to skin bonding in the model, the bending stiffness of the skin was replaced by the bending stiffness of the skin with adhesive menisci, which was measured with the various adhesive weights.
This wrinkling formula is only valid for beams with perfectly flat skins. However, skins always contain imperfections. In particular, the waviness caused by vacuum bag processing changed the wrinkling load and had to be taken into account in the model. In fact, the initial deflection of the skin would increase during loading and could cause either compressive failure of the core, debonding of the skin, shear failure of the core, or local failure of the skin due to compression and bending deformations. The approach to taking the initial waviness into account was to consider that the skin had a sinusoidal shape of amplitude W 0 , and a half-wavelength l 0 , before loading, so that the deformed shape had the form
The wavelength in Equation (6) was determined by the honeycomb geometry, and was not chosen arbitrarily to minimize N. With the honeycomb core, l 0 is the distance between two cells rows, i.e., 2.77 mm with 3.2 mm cell size and in ribbon direction. The amplitude of the waviness measured in the panels W meas could not be used directly for W 0 , because the wave measured had a width limited to the cell size, the skin being maintained flat on the cell walls, while the wave extended across the full width of the beam in the model. This discontinuity of the wave in the width direction would significantly reduce the sensitivity of the structure to waviness, and a factor ¼ W meas /W 0 had to be identified in order to use the measured waviness in the model. The equilibrium Equations (1) for the skin become
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By combining this with Equations (2), (3), and (7), one obtains the amplitude of shear stresses in the core xz
Then by using Equations (2), the amplitudes of the coefficient k 1 and of the normal stress in the core z are:
With Equations (8) and (9) the critical load N causing shear stresses, or normal stresses, equal to the strength of the core can be calculated. The maximum local compressive strain in the face due to the compression and local bending of the face is:
where h is the distance from the neutral axis of the face to the most loaded fibers, i.e., 40.5 mm for the 0/908 laminate used. By setting this strain equal to the maximum compressive strain of the prepreg, the critical load can be determined for this failure type. The lowest of the loads calculated for the different types of failure is the critical load of the structure.
RESULTS

Influence of Adhesive Weight on Strength
The failure of the sandwich beams was always due to local instability of the skin crushing the core. No debonding occurred even with very low adhesive weight. However, the failure strength of the sandwich samples increased with adhesive weight. This can be explained by the increased size of the adhesive menisci on the skin, which significantly increased the bending stiffness, as shown on Figure 6 . Owing to the geometry of the adhesive menisci, for a given adhesive quantity, the reinforcing effect was much more pronounced with menisci than with an even adhesive layer.
By inserting into the wrinkling model the relation between bending stiffness and the adhesive weight as determined in Figure 6 , the critical wrinkling load and corresponding critical half-wavelength can be calculated as a function of adhesive weight in the menisci. The result is represented in Figure 7 and the critical load corresponded well to the experimental data, with errors smaller than 5%. The critical half-wavelength, which was calculated in the model by considering a continuous core, ranged from 2.3 to 3.2 mm, which is in fact close to honeycomb cell size. The elastic foundation was thus not continuous in the order of magnitude of the wavelength. However, a line in the width direction of the beam always crossed the same number of honeycomb cell Even adh. layer Bending stiffness (Nmm) Figure 6 . Bending stiffness of the skin measured in three-point bending as a function of adhesive weight in the menisci for skin-to-core bonding. The theoretical stiffness calculated with CLT for an even adhesive layer is also represented.
walls, independently of the position in the length direction of the beam. The support of this line was therefore almost constant in the length direction, so that the properties of the foundation could be considered as constant in length direction, and the wrinkling model is thus still valid.
Even though the skin was cured against the Al plate, a slight initial waviness could not be completely avoided. Furthermore, as the halfwavelength of the preliminary deformation (2.77 mm) was close to the critical half-wavelength calculated for the wrinkling of perfectly flat skin, the initial waviness strongly influenced the strength of the beam. An arbitrary small waviness W 0 ¼ 0.5 mm was used to calculate the critical loads for core compressive and shear stresses, and local strains in the skin. With this small initial deformation, the failure loads for all three models were very close to the calculated wrinkling load and are presented in Figure 7 . Predicted loads for shear failure of the core and local compressive failure of the skin were identical and greater than the failure load for core compressive failure, which was close to the wrinkling load. The failure mode is thus a coupling between local skin instability and core compressive failure, which is confirmed by observation of the broken sample illustrated in Figure 4 . Hence, when the skin under compression is very smooth, the failure load can be predicted accurately either by the wrinkling model or by considering a small initial imperfection causing compressive failure of the core, and by taking into account the stiffening effect of the adhesive menisci on the skins. Figures 8 and 9 show cross-sections of samples cured respectively in two steps and in one shot with relative pressure in the vacuum bag ranging from À0.1 to À0.9 bar. Figure 10 shows the measured adhesive weight in the menisci and the waviness amplitude as a function of process pressure. It is important to remember that the pressure shown is the relative pressure in the vacuum bag. However, the actual absolute pressure in the honeycomb cells may be significantly higher than the absolute pressure in the vacuum bag during one-shot curing due to the low permeability of the skins and consumables used. The interplay between process pressure, skin waviness, and adhesive weight in menisci is evident. Both waviness and adhesive weight increased when the relative pressure in the vacuum bag diminished. The increase was less pronounced for the samples cured in one shot because the vacuum was not good in the honeycomb cells due to low permeability of the lay-up, as explained previously. As the waviness should be 0 when no pressure was applied, the data were fitted with either a power law of the pressure applied, or a linear fit, as illustrated in Figure 10 .
Influence of Process Pressure on Microstructure
For the samples cured in two steps, the size of the adhesive menisci forming between core and skin increased between À0.1 and À0.3 bar pressure in the vacuum bag, and then stabilized. When pressure was exerted by the honeycomb cell wall, the skin was compacted under the honeycomb cell wall and prepreg resin flowed into the menisci, in addition to the 50 g/m Figure 9 . Micrographs of cross sections of the wavy side of sandwich panels cured in one shot. The relative pressures applied during vacuum curing were À0.9, À0.7, À0.5 and À0.1 bar.
of adhesive film. As the amount of resin was limited, the meniscus size did not change above a sufficient pressure level. When low pressure was applied, the menisci only formed with the adhesive film near the cell wall. For the samples cured in one shot, the menisci were almost inexistent at À0.1 bar relative pressure in the vacuum bag. This was due to bad air circulation in honeycomb cells closed by the two skins, causing the pressure to increase when temperature rose. Some air flowed out of the cells through the skin and forced adhesive and prepreg resin to flow out. This can be seen in Figure 9 (d) where a layer of resin is on the top of the prepregs of the panel cured with À0.1 bar relative pressure in the vacuum bag. This flowing effect was more pronounced on the vacuum bag side that on the Al mould, what explains why the resin fillets were greater on the mold side than on the vacuum bag side, as shown in Figure 10 . To fit the data by taking into account the limited amount of adhesive available, functions starting with a finite adhesive weight growing asymptotically to the limit adhesive quantity were chosen, and first-order exponential decay functions were used as illustrated in Figure 10 . Figure 11 shows the strength of the panels manufactured with various vacuum pressures and tested in four-point bending. Interestingly, at first, when the relative pressure in the vacuum bag was decreased, the strength of the beams increased, then reached a maximum and finally decreased. The same behavior was observed for the panels cured in two steps and in one shot, only in this case the maximum strength was obtained at different pressures, respectively À0.3 and À0.7 bar relative pressure in the vacuum bag. The strength increase was due to the rapid increase of adhesive quantity in menisci when relative pressure in the vacuum bag decreased. Then the adhesive quantity stabilized and the increasing waviness of the skin decreased the strength of the face. The maximum strength of the panels cured in two steps was slightly higher than for panels cured in one shot. This was due to the greater size of the adhesive menisci obtained during two-step curing, as was observed in Figure 10 .
Influence of Process Pressure on Strength
In order to take into account the discontinuity of waviness in the width direction of the beam in the model, which significantly reduced the sensitivity to initial waviness, the factor ¼ W meas /W 0 was determined to be 25 by adjusting the model to the experimental data obtained with the panels cured in two steps. Figure 11 shows changes in the critical compressive load per unit width in the skin calculated by using the models adapted to the different types of failure as a function of the process pressure. Among the models predicting the different possible failure types of the skin under compression, the one that considers compressive failure of the core gave the lowest failure load. Thus, this mode was the most sensitive to the initial imperfections of the skin and therefore determined the failure load of the beam. Using the previously defined parameter, , the model giving the critical load for core compressive failure was in good agreement with the experimental data with errors of 55% for both the panels cured in two steps or in one shot. For the panels cured in one shot, the model slightly overestimated the failure load at À0.1 bar relative vacuum pressure, due to bad compaction of the skin at low pressure, which was not accounted for. Furthermore, the curve showing the critical load for core compressive failure replicated exactly the same tendencies as the experimental data, with the load increasing rapidly at first when relative vacuum pressure decreased, then reaching a maximum, and finally decreasing. The model confirmed the existence of an optimum process pressure controlled by the interplay between skin waviness and the formation of adhesive menisci at the skinhoneycomb interface. The model and the experimental data for wavy skin gave the same optimal pressure in the vacuum bag for the sandwich panels cured in two steps at about À0.3 bar. The optimal pressure for the panels cured in one shot was around À0.7 bar, but the strength did not change significantly between À0.5 and À0.9 bar. Finally, the critical failure mode, predicted by the model as being the compressive failure of the core, was confirmed by observing the broken samples where the skin crushed the core, as illustrated in Figure 4 .
It is also interesting to observe the sensitivity of the model to the parameter as detailed in Figure 12 . Of course the wrinkling load, which does not consider waviness of the skin, is not affected by the choice of . The failure load predicted by the other models is too low when no correction of the measured waviness is made ( ¼ 1), i.e., if the waviness prior to loading is perfectly sinusoidal and not limited to cell size. The failure loads increase then quickly with the stabilization factor and tend asymptotically toward the wrinkling load. It confirms that the models converge toward wrinkling load when waviness can be neglected.
As the predictions of the model with selected value correlated well to the experimental data, these can then be used to predict what happens if supplementary pressure is added during one-shot curing by using an autoclave. The predicted failure load is represented in Figure 13 as a function of the process pressure, i.e., the pressure difference between outside and inside the vacuum bag. At two-bar pressure (À0.9 bar relative pressure in the vacuum bag and 1.1 bar relative pressure in the autoclave), the strength of the beam would be reduced by 10% compared with optimal pressure, even though the model did not take into account any damage caused to the honeycomb by high processing pressure. The model confirmed that the use of supplementary pressure with sandwich structures with light cores and thin skins decreased their properties and should therefore be avoided.
CONCLUSIONS
The bending strength of ultralight sandwich structures (700-800 g/m 2 ) is very sensitive to the process pressure used during manufacturing. By using vacuum bag processing with various pressures and adhesive weights, it was shown that the waviness of the skin and the size of the adhesive menisci forming between honeycomb cell walls and skins have a direct influence on the wrinkling strength of the skin. During one-shot vacuum bag curing, the waviness of the skin and the size of the adhesive menisci both increased with process pressure, thereby exerting opposing effects on the strength. An optimal process pressure was identified at À0.7 bar relative pressure in the vacuum bag. This pressure was clearly related to the materials used, and also to the curing cycle parameters, a higher temperature creating for example a higher pressure in the honeycomb cells.
A model was developed to predict the wrinkling load of the skin as a function of process pressure by taking into account the influence of adhesive weight in the menisci and the waviness of the skin. Good agreement was found between experimental data and the model which contributed to a better understanding of the failure mechanisms controlling wrinkling load. The model demonstrated that the use of higher process pressure during curing using an autoclave would decrease the strength and should thus be avoided with such ultra-light sandwich structures.
